We investigate the time±distance dependence of the 3-D rotation angle, W, for pairs of focal mechanisms in the worldwide Harvard catalogue. We study the original catalogue as well as the subcatalogue with`well-constrained' earthquakes. Since the distribution of W is scale-invariant (fractal) for small angles, the statistical analysis encounters serious dif®culties due to the presence of outliers. We apply several statistical techniques to overcome this problem. To investigate the in¯uence of errors in seismic moment inversion on the W angle distribution, we simulate errors to derive the bounds on possible rotation angle variations. We ®nd that the random errors reported in the Harvard CMT catalogue explain only about one-third of the difference in scalar moment and focal mechanism orientation when the Harvard moment tensor is compared to solutions in two other catalogues (USGS and ERI). This implies that systematic effects should be signi®cantly larger than the random errors given in the Harvard solutions. Statistical analysis of the catalogue suggests that the rotation angle is less than 10u±12u for small time±distance intervals and increases with time difference between pairs of earthquakes, reaching 20u±25u for time intervals larger than 100 days for small distances. These results are important for predicting future earthquake activity and are relevant to modelling the stress in¯uence on earthquake occurrence.
I N T R O D U C T I O N
In our earlier work (Kagan 1992) we investigated the spatial distribution of the 3-D angle, W, between pairs of neighbouring focal mechanism solutions. On the basis of statistical analysis of the Harvard centroid moment tensor (CMT) catalogue (1977±1990) we derived the angle's dependence on the distance between two centroids, the distribution of directions to the second centroid on a focal sphere of the ®rst earthquake mechanism, and the in¯uence of the depth on the W angle variation. In 1990, the Harvard catalogue contained fewer than 9000 events. With the increase of the total number to nearly 16 000 events (Dziewonski et al. 2000 and references therein), we return to a statistical analysis of this unique data set to investigate how the W angle depends on the time interval between two earthquakes. The time dependence is much less pronounced than the in¯uence of the distance between events; thus, more data and more sophisticated methods of analysis are needed.
We use the notation M for the scalar seismic moment and m for the moment magnitude: m~2 3 log 10 M{6:0 ,
where M is measured in Newton metres. The magnitude calculated by eq. (1) is used here only for illustration; all pertinent computations are carried out with the moment M values.
D A T A A N D T H E I R P R E L I M I N A R Y A N A L Y S I S
We study the earthquake focal mechanism distribution for the global catalogue of moment tensor inversions compiled by the Harvard group (Dziewonski et al. 2000) . The catalogue contains 15 999 solutions over a period from 1977 January 1 to 1999 March 31. As in Dziewonski et al. (1987 Dziewonski et al. ( , 2000 , we use the system of coordinates (up, South, East: r, h, w) (Aki & Richards 1980, p. 118 ) and the six elements of the symmetric moment tensor ordered as
Frohlich & Davis (1999) proposed the construction of a`wellconstrained' earthquake catalogue by removing the following earthquake records from the original catalogue: (a) earthquakes lacking all six independent components of the moment tensor determined in a solution; (b) earthquakes for which the solutions have a relative error, e, that is, the ratio of the error tensor norm to the moment tensor norm, greater than 0.15,
where E ij and M ij are error and moment tensor components, respectively; (c) earthquakes with a large CLVD component (the parameter | f CLVD |i0.2).
Instead of the f CLVD parameter, used by Frohlich & Davis (1999) to characterize the CLVD component, we calculate an analogous quantity, C (Kagan & Knopoff 1985; Frohlich 1995) . Modifying the formula from Kagan & Knopoff (1985, p. 433) and taking into account the signed (i.e. having both negative and positive values) character of f CLVD (Frohlich & Davis 1999, eq . 1), we obtain the following relation between C and f CLVD :
where to save space we use the notation f instead of f CLVD . Thus, | f CLVD |<0.2 corresponds to |C|<0.54. The C index changes from x1.0 to 1.0; C=0 corresponds to a pure doublecouple source. An advantage of the C index is that for a sum of randomly oriented deviatoric sources, the CLVD index asymptotically approaches a uniform distribution in the interval [x1.0, 1.0] (Kagan & Knopoff 1985) . From the wellconstrained catalogue we also delete all earthquakes with scalar seismic moment less than 10 17.25 N m, i.e. with m<5.5. In Fig. 1(a) we display a frequency graph for the relative error e in the Harvard catalogue. Slightly over 60 per cent of earthquakes have ej0.15. Fig. 1(b) shows a similar plot for the C value for all earthquakes. The frequency graph is roughly symmetricÐa focal mechanism has an equal chance of having either a positive or a negative CLVD component. The average C value is close to zero, as may be expected due to the symmetry of the C distribution. We calculate the standard error for the C value, s C , which is equal to 0.406 for all earthquakes and 0.255 for all well-constrained earthquakes. We display a Gaussian curve with s C =0.406 in Fig. 1(b) ; this curve approximates the empirical distribution reasonably well. Kagan & Knopoff (1985) investigated the possible value of the CLVD component due to rotation of the elementary dislocations comprising the earthquake source. On the basis of their simulations, they found that although practically any source should contain a non-zero CLVD component, the component value will be very small (orders of magnitude smaller than the double-couple component) for all but a very few earthquakes. They also argued that the C index should exhibit a power-law behaviour, equivalent to a stable statistical distribution (Samorodnitsky & Taqqu 1994; Adler et al. 1998) .
If the non-zero CLVD component is due to geometric or physical causes, one would expect the C distribution to be asymmetric: most earthquakes in a global catalogue occur in a compressional environment, i.e., in subduction zones, thus either a positive or a negative C index should be preferred. The empirical curve in Fig. 1(b) is largely symmetric; the symmetry is most likely to be due to errors in the seismic moment tensor inversion, both those explicitly derived during the moment tensor solution (Dziewonski et al. 2000) and systematic effects. Moreover, the Gaussian behaviour demonstrated by Fig. 1(b) again suggests that the non-double-couple component of the seismic moment tensor is to a large degree controlled by solution errors. Errors usually follow the Gaussian distribution. Dufumier & Rivera (1997) pointed out that spurious moment tensor components may appear as the result of poor data quality and modelling constraints during an inversion procedure.
The support for such an interpretation of the C distribution comes from comparing the CLVD curve with simulation experiments (see below), as well as from the results of Frohlich & Davis (1999) . Their comparison of moment tensor solutions in several earthquake catalogues has shown that whereas the norm of the tensor (or the scalar seismic moment) and the direction of eigenvectors are well-correlated, the CLVD component is, in effect, not correlated in solutions for the same earthquake in different catalogues. One explanation for such a lack of correlation is that nearly all real earthquakes have an almost pure double-couple focal mechanism and the deviation from this mechanism is due to some not well-understood systematic effects of the inversion process.
We use ternary diagrams (Frohlich 1992 (Frohlich , 2000 to display earthquake focal mechanisms. The horizontal and vertical coordinates of a point in the diagram are calculated by the formulae proposed by Frohlich (1992) and corrected according to Frohlich (personal communication, 1999) :
In these formulae, d T , d P , and d B are the dip angles of the T-, P-and B-axes. In Fig. 2 we display a ternary diagram for 4789 wellconstrained shallow earthquakes in the Harvard catalogue. The plot is produced using the program written by Frohlich (2000) . We show here the ratio of the number of focal mechanisms in 81 small subtriangles to the number expected if the mechanisms are rotated with uniform randomness. We also display lines showing each 10u of dip for the T-, B-and P-axes, and several examples of focal mechanisms corresponding to the diagram border. The regions marked A N , A T and A S correspond to maximum concentrations (frequency peaks) of normal, thrust and strike-slip earthquakes, respectively. Most earthquake focal mechanisms are of thrust type, although the maximum is not at the diagram vertex, which corresponds to pure thrust events (the vertical T-axis). A smaller concentration corresponds to strike-slip events. There are relatively few earthquakes with mixed focal mechanisms (that is, with equal dip for all three axes)Ðless than 10 per cent compared to randomly oriented mechanisms.
M E T H O D S O F A N A L Y S I S
3.1 Statistical analysis of earthquake catalogues Kagan (1992) proposed that the 3-D rotation angle W of an earthquake focal mechanism is distributed according to the rotational Cauchy distribution. The probability density function (pdf) of the general rotational Cauchy distribution can be written as
where A=tan(W/2). The scale parameter k of the Cauchy distribution represents the degree of incoherence or complexity of a set of earthquake focal mechanisms.
We could not obtain an expression for the average rotation angle W Å . In Fig. 3 we display the dependence of W Å on the parameter k, obtained by numerical integration of eq. (7), using the mathematica (Wolfram 1999) package.
Due to the symmetry of the double-couple earthquake source, the distribution of rotation angles for earthquake focal mechanisms does not follow the general Cauchy distribution, but instead the double-couple Cauchy distribution (Kagan 1992) , de®ned for angles from 0u to 120u. Since we measure the rotation of the double-couple focal mechanisms, we display in Fig. 3 the curve for the general Cauchy law integrated over the range 0u±120u, as well as a curve for the double-couple rotational Cauchy distribution obtained by simulation (Kagan 1992) . These curves can be used to determine the parameter k, given the average rotation angle.
To obtain an estimate of the rotation angle for N measurements of W by using the likelihood approach, we calculate a loglikelihood function and equate its derivative to zero (cf. Kent & Tyler 1988) . We obtain the following likelihood equation:
where A i =tan(W i /2). This non-linear equation has a root that is a maximum-likelihood estimate of k and can be found by iteration.
Simulation of focal mechanism errors
This section investigates the effect of seismic moment tensor solution errors on focal mechanism orientation, on its norm, and on the value of the CLVD component. To do this, we ®rst study the distribution of the above variables for several typical earthquake focal mechanisms. Hext (1963) , Soler & van Gelder (1991) , Xu & Grafarend (1996) and Xu (1999) investigated the in¯uence of random errors in the second-order tensor determination. These investigators obtained only general expressions for error in¯uence. We need to ®nd a dependence of speci®c tensor functions on the error tensor. Frohlich & Davis (1999) employed a simulation method to derive bounds on the rotation angle due to errors in the seismic moment tensor inversion. This paper employs a more complicated simulation algorithm that should model more closely the effect of random errors on the variables of interest.
Simulation technique
We de®ne the relative error tensor as e ij =nE ij /M ij m, where nm represents the average. Its standard variations are obtained by summing the relative errors in the Harvard solutions. Evaluated for the original catalogue, the tensor is e rr~0 :039, e hh~0 :051, e ~0 :055, e rh~0 :085, e r~0 :088, e h~0 :046 :
As expected, the largest values of e are for the elements e rh and e rw ; the solution for these components is unstable as the centroid depth approaches zero (Dziewonski & Woodhouse 1983; Frohlich & Davis 1999) . For the well-constrained catalogue, the values of the relative error tensor are e rr~0 :019, e hh~0 :025, e ~0 :027, e rh~0 :043, e r~0 :044, e h~0 :022 , (10) that is, the tensor components are smaller approximately by a factor of 2 than those of the original catalogue (eq. 9).
Our simulations generate normally distributed error tensor variables with standard error e. We use two variants of the error tensor. In the ®rst case, we assume that all of its components are equal to the average of eq. (9) or eq. (10), i.e. e ij =0.061 or e ij =0.030, respectively. In the second case we employ the tensor e as in eq. (9) or eq. (10). The simulated random variables are added to double-couple moment tensor components.
The symmetric double-couple moment tensor has two of its invariantsÐthe trace and the determinantÐequal to zero (Kagan & Knopoff 1985) . The tensor resulting from adding the Gaussian errors, M, is symmetric, but generally has non-zero trace and determinant. Following Dziewonski et al. (1987 Dziewonski et al. ( , 2000 , we make the tensor trace-free, Mk, by subtracting one-third of the trace from the diagonal elements,
The deviatoric symmetric tensor, Mk, has 5 degrees of freedom and can be characterized by various sets of tensor functions, i.e. parameters. Xu (1999) derives distributions of random eigenvalues and angles of rotation around three coordinate axes for a deviatoric tensor. These distributions are obtained in a general analytical form and can be integrated only for a few simple random perturbations of the trace-free tensor. In this work we select a characterization less dependent on the system of coordinates used and more easily interpreted. The 3-D rotation angle, W, from the initial focal mechanism to a new one, the C index and the norm of a new tensor are coordinate-independent quantities (Kagan 1991 (Kagan , 1992 . The remaining parameters, which are coordinate-dependent, are coordinates of the rotation pole, i.e. longitude and colatitude. 
Focal mechanism types
We select several representative initial double-couple focal mechanisms from a ternary diagram as shown in Fig. 2 to study the in¯uence of random errors. Although the azimuths of focal mechanism axes in¯uence the results of simulations, preliminary investigations established this in¯uence to be relatively small. Thus, we use focal mechanisms oriented in such a way that the azimuth of the T-axis is set to zero. We determine all the parameters of the perturbed tensor; below we study the 3-D rotation angle, W, the C index and the norm of the tensor in detail to investigate possible errors in the correlation of focal mechanisms. For each selected focal mechanism, we repeat the simulation process from 10 7 to 10 9 times and ®nd distributions of the above variables. Fig. 4 (a) displays the distribution of the CLVD index as well as its approximation by a Gaussian law. The average C value is close to zero, since the small random errors yield a symmetric distribution for C. The reason for this is obvious: since random tensor errors cause the value for the smallest (in the absolute sense) tensor eigenvalue to become non-zero, the deviation may with equal probability be either positive or negative. The normal distribution ®ts the synthetic graph rather closely, justifying our interpretation of the C distribution in Fig. 1(b) as the result of errors, both random and systematic. Fig. 4(b) shows the distribution of the 3-D rotation angle, W, caused by random errors. We display several approximations of the frequency graph. One is a Rayleigh distribution (Kotz & Johnson 1986, p. 648) , which has the following probability density of the rotation angle between two earthquake focal mechanisms:
where s W is a standard deviation. Another approximation is a Maxwell distribution (Kotz & Johnson 1985, p. 359) :
The ®rst law (12) corresponds to the distribution of a vector length in two dimensions if the components of a vector have a Gaussian distribution with zero mean and standard error s W . The Maxwell law has a similar origin; the vector is now in a 3-D space. Both of these theoretical curves in Fig. 4 (b) have been adjusted to have the same average angle, W Å , as in the simulations.
For small values of s W , the Maxwell law is equivalent to the von Mises±Fisher-type rotational distribution used in Kagan & Knopoff (1985) and Kagan (1992) . The latter distribution is obtained by generating a 3-D normally distributed random variable u (u 1 , u 2 , u 3 ) with standard deviation s u (s u 1 , s u 2 , s u 3 ) and then calculating the unit quaternion
The 3-D rotation angle is calculated as
The ®nal expression is twice the length of a vector in the 3-D space. Since the components of vector u are normally distributed, the angle W (in degrees) follows the Maxwell distribution, with
where we assume, that all components of s u are equal (s u 1 =s u 2 =s u 3 =s u ).
For the third theoretical curve, Fig. 4 (b) displays the general rotational Cauchy distribution (7). The above expression is derived for the rotation of a single mechanism; we need this distribution to approximate the angle of rotation between pairs of events. However, the Cauchy law, like the Gaussian law, is a stable distribution. This means that a sum (or a difference) of two variables would be distributed according to the same distribution. Since the Cauchy distribution for small values of k is heavy-tailed, if we use its mean to characterize the curve, the curve would be strongly shifted towards zero. Therefore, we made the mode (i.e. the maximum) of the pdf roughly correspond to that of the simulation curve.
The Rayleigh and Maxwell distributions reasonably approximate the synthetic curve, but the Rayleigh distribution does not ®t near zero since it increases linearly at the origin. The Maxwell pdf increases quadratically at the origin, similar to the simulation curve. In both cases this is due to the behaviour of vector length in 3-D space. For the Maxwell distribution the space is an ordinary Euclidean space whilst the W angle is proportional to the distance measured in the 3-D sphere of the normalized quaternion (Kagan 1991 (Kagan , 1992 . Since both Rayleigh and Maxwell distributions are connected with the Gaussian law, their relatively close ®t to the synthetic curve, produced by using normally distributed errors, is expected. The rotational Cauchy distribution, however, is a transformation of a regular Cauchy law. Thus, it yields a poor ®t to the simulation curve. Table 1 lists simulation results for several examples of earthquake focal mechanism. Three sets of simulations are listed for the error tensor: (a) with all components e ij =0.030, (b) evaluated in the well-constrained catalogue (eq. 10), or (c) with focal mechanisms selected randomly from the well-constrained and full catalogue.
The table shows the average value and standard error of a 3-D rotation angle and the uncertainty in the CLVD index (s C ) as well as in the norm of the tensor (s M ). The latter variable corresponds to the standard relative error in the scalar seismic moment, attributable to random errors in the moment tensor inversion. The above quantities (Wts W , s C , s M ) depend on the type of focal mechanism. For example, for strike-slip earthquakes, random errors cause larger mechanism rotation and smaller variation of the C index than similar perturbations of the seismic moment tensor for other types of mechanisms. There is a negative correlation between the value of the angle W and its standard error and the standard error of the C index. For relative error tensors with equal components, the simulation results for`strike-slip',`thrust' and`normal' focal mechanisms are similar. A slight difference in the results for these earthquakes in the second subset is connected with the asymmetry of the relative tensor elements (eqs 9±10).
Catalogue error simulation
Fig. 5(a) displays the distribution of the CLVD index obtained by simulating random errors for all well-constrained earthquakes in the Harvard catalogue. In these simulations we select at random from the catalogue any well-constrained earthquake and then generate 100±10 000 normally distributed error tensor variables with the normalized standard error taken from the CMT solution. As in the simulations described above, we determine the parameters of a new tensor. The process is then repeated with the random selection of another earthquake. By taking 1000±10 000 events from the catalogue, we obtain the synthetic distributions of variables.
The C frequency curve in Fig. 5 (a) signi®cantly differs from that in Fig. 4(a) , where the earthquake focal mechanism type and its standard errors remained ®xed. The new frequency graph is a mixture of distributions corresponding to a variation of the relative error (Fig. 1a) in various solutions, as well as Table 1 , where errors (eq. 10) are used). (a) The CLVD index C; solid line is a frequency graph, dashed line is a Gaussian curve adjusted to have the same average and standard deviation as the simulation curve (C Å =x0.007, s C =0.167). (b) Rotation angle W. Solid line is a simulation frequency graph, dash-dotted line is a Rayleigh curve and dotted line is a Maxwell curve, both adjusted to have the same average and standard deviation as the simulation curve. Dashed line is the Cauchy distribution curve. The values of distribution parameters are s W =3.35u and s W =2.63u for the Rayleigh (eq. 12) and Maxwell (eq. 13) distributions, respectively. For the Cauchy distribution (eq. 7) we take k=0.0325.
Earthquake focal mechanism correlations 887 to the different focal mechanisms displayed in Fig. 2 . The combined effect of these factors makes the C distribution substantially different from the Gaussian curve and from experimental and synthetic graphs (Figs 1b and 4a, respectively) . The sharp frequency peak at and near C=0 is apparently caused by a few earthquakes with very small errors. These error values re¯ect good agreement between observed and synthetic seismograms; such a ®t does not necessarily correspond to a wellconstrained, true solution (Frohlich & Davis 1999) . Although the number of earthquakes with small e is also small (Fig. 1a) , these events produce a d-function-like pdf at C=0. Even after mixing this distribution with more frequent earthquakes having higher relative errors, the pointed peak at zero remains.
The W frequency curve in Fig. 5 (b) also displays features signi®cantly different from those in Fig. 4(b) . The steep slope near the origin can again be explained by catalogue solutions with very small relative errors (Fig. 1a) . The consequence of such errors is that the 3-D rotation angle is also small. The ®t to the simulation curve of the rotational Cauchy distribution is much better compared to Fig. 4(b) , whereas the Rayleigh and Maxwell laws do not yield a good approximation. Frohlich & Davis (1999) measured the 3-D rotation angle between the Harvard solutions and the solutions reported in the USGS catalogue (Sipkin et al. 1999 and references therein) and in the Earthquake Research Institute (ERI) catalogue (Kawakatsu 1995) . Frohlich & Davis (1999, their Fig. 4) found that the distribution of 3-D angles between two solutions (Harvard and USGS) for the same earthquake is similar to the Cauchy rotation law. One would expect this distribution to be closer to some form of Gaussian law (such as the von Mises± Fisher law discussed above) since the angle is probably caused by inversion errors. However, when measuring 3-D angular differences between two matched solutions, we effectively study a mix of the von Mises±Fisher distributions, each with the parameter s W distributed according to the frequency graph in Fig. 1(a) . As in Fig. 5(b) , the resulting distribution is closer to the Cauchy law than to the original Maxwell distribution.
The last four rows (15±18) in Table 1 show the values of W and their standard deviations for all earthquakes and shallow (depth 0±70 km) events. When compared to the upper part of Table 1 , the higher values of s W are due to a mix (Fig. 2) of various focal mechanisms that affect the result. The value of s C (0.083) is about three times smaller than the value of the C variation measured in a well-constrained catalogue (0.255; see above). Frohlich (1995) found a similar discrepancy between the values of the CLVD index in the Harvard catalogue and the C estimate due to the reported uncertainties in the catalogue. He interpreted the dissimilarity as evidence that the CLVD component has a physical basis. However, the lack of correlation between the CLVD components in various seismic moment catalogues (Frohlich & Davis 1999, p. 4909 ) led them to conjecture that the non-zero CLVD component in seismic moment solutions may be due to systematic effects. Frohlich & Davis (1999) found that the 3-D angular differences reach 12u±15u for the best solutions (upper 33 per cent of earthquakes present in both catalogues, Harvard versus USGS and Harvard versus ERI). We compare the average W value due to reported random errors in the well-constrained catalogue with these differences. Even if we assume that the well-constrained Harvard catalogue has smaller errors than the other catalogues, the W value should be of the order of 5u±7u, that is, higher by a factor of 2 to 3 than the W value (2u±3u) estimated in Table 1 A similar discrepancy exists between the estimates of relative scalar moment errors, attributable to reported errors in the Harvard catalogue, and the difference in log 10 (M) for paired events in the same set of catalogues. Helffrich (1997) estimated that the standard deviation of the difference [log 10 (M 1 )x log 10 (M 2 )] is t0.14 and t0.21 for Harvard versus USGS and Harvard versus ERI catalogues, respectively. Translated into scalar moment uncertainty, these values correspond to 40 and 60 per cent. Again, if we assume that the errors in the Harvard catalogue are smaller by a factor of at least two, the uncertainty of 15±20 per cent is still signi®cantly higher than the value of about 8.3 per cent that we obtain in Table 1 as being attributable to random errors in moment tensor determination. It is clear that systematic errors should be signi®cantly larger than random errors reported in the Harvard CMT solutions. Fig. 6 shows a histogram of the 3-D angle of rotation W for pairs of earthquakes separated by less than 50 km and less than 32 days. We also show the histogram approximation with the Cauchy rotational distribution. Three values of the parameter k are selected: k=0.056 is the value determined by the maximum-likelihood procedure (eq. 8); k=0.041 is calculated and s W =1.77u for the Rayleigh (eq. 12) and Maxwell (eq. 13) distributions, respectively. For the Cauchy distribution (eq. 7) we take k=0.01.
R E S U L T S
Earthquake focal mechanism correlations 889 from Fig. 3 (middle curve) by using the average angle (W Å =19.6u); k=0.075 is chosen for illustration. The plot suggests that within an earthquake sequence the focal mechanisms are very tightly clustered. The ®rst two Cauchy curves approximate reasonably well the tail of the distribution, but their ®t for the smaller values of the angle is not as successful. Using the higher value of the k parameter, we approximate the left side of the distribution better, but its tail ®t signi®cantly deteriorates. From Section 3, we deduce that the behaviour of the distribution for small values of the angle is controlled by errors. If we could exclude the error in¯uence, it is possible that the distribution would be better ®tted by the Cauchy law. However, as discussed earlier, certain dif®culties occur in approximating the angle distribution by the Cauchy relation. We do not have analytical expressions for the rotational Cauchy distribution for a doublecouple earthquake source, or for the maximum-likelihood estimate of its k parameter. Moreover, in the discussion section we explain why the Cauchy distribution should be replaced by another law for small time±distance intervals between earthquakes.
To investigate the dependence of the rotation angle on time (DT ) and distance (R) intervals between two events, we approximate it by several polynomial and logarithmic relations:
'(*T)~' 0 za 3 log 10 *T ,
where W 0 is the average rotation angle corresponding to a zero time interval. In the above formulae, the maximum distance (R max ) between earthquake centroids is limited to either 20 or 40 km. Fig. 7 displays two sets of rotation angles with approximation by eq. (17) (17) and (18) are listed in Table 2 . In this table, a plus sign in the WCE column indicates a well-constrained earthquake catalogue and a minus sign stands for a general catalogue, s is the standard error, and e max is the absolute maximum error. In all cases, the value of the parameter a 1 is positive. This means that the rotation angle decreases as the time difference between events goes to zero. The value of W 0 is smaller for smaller maximum distances and smaller time intervals (see rows 1±3). As may be expected, the well-constrained catalogue yields a smaller value of W 0 (row 4 versus row 1). A higher-order polynomial (eq. 18) yields a smaller W 0 value, but decreases in the standard and maximum errors are not perceptible. This follows from a highly non-Gaussian distribution of the 3-D rotation angle. As discussed earlier, the distribution is described by a variant of a Cauchy law. The regular Cauchy distribution is de®ned on an in®nite line and has all its moments in®nite, including the mean (Kotz & Johnson 1982, p. 386) . Although the rotational Cauchy distribution has a limited support (0u±180u) and all its moments are ®nite, for small values of the k parameter the distribution has`outliers'. As a result, statistical estimates of the moments strongly¯uctuate, and the algorithms, using the L 2 norm, do not perform well. Fig. 8 displays the dependence of the rotation angle on time and distance intervals between events. The dependence is approximated by a bilinear polynomial,
We also use a quadratic polynomial to ®t the data, (20) and (21) for the well-constrained catalogue. The W 0 value is smaller than that obtained in Table 2 ; inclusion of the distance apparently improves the ®t. However, the values of the standard and maximum errors do not decrease in comparison with the approximation by eqs (17)±(19). This is due to the above-mentioned presence of many outliers in a distribution: although most W values concentrate within 0u±20u, some angles are close to the maximum (120u).
The last three rows in Table 3 correspond to subduction zones (row 3), continental collision zones (row 4) and intracontinental areas (row 5). These areas have been selected by assigning Flinn±Engdahl seismic zones to a particular category (Kagan 1997) . A signi®cant part of global seismicity is concentrated in subduction zones. Thus, the parameter values for subduction zones are similar to the worldwide results (row 1). The W 0 values for collision and intracontinental areas are larger than the global values, further analysis being hampered by a lack of suf®cient data. Table 4 shows the numbers of pairs of all shallow earthquakes mi5.5 in 10r18 distance±time cells, as well as three statistics characterizing the 3-D rotation angle pattern. The distance intervals are taken to increase linearly by 20 km steps, whereas the time intervals increase logarithmically by a factor of two, starting with 0.03125 days and ending with 8192 days. The number of pairs shown in the ®rst subtable corresponds to the number of all pairs of shallow earthquakes separated by the time and distance intervals indicated. For cells with more than ®ve pairs of events, we calculate three statistics for each entry: an average angle, W Å , a median angle, W , and coef®cient k in eq. (7). These variables show characteristics of the anglē uctuations in each cell. For small time intervals and large distances, the number of earthquake pairs in a cell is too small for reliable averaging, so we combine several cells in this distance±time region. To determine k we use the maximum likelihood procedure (8). To save space we display in the table the quantity 10rk.
Obviously, the rotation angle increases with distance and time. Statistics W Å , W and k strongly increase with distance; increases in time intervals are not as obvious. As can be expected, the values of the median angle are signi®cantly smaller than those of the average angle, especially for small time±distance intervals. This follows from the heavy tails of the angle distributions. Fig. 9 displays three smoothed maps of the rotation angle dependence on time and distance intervals for well-constrained earthquakes. The behaviour of the variables is similar to that shown in Table 4 . As in Fig. 6 , we compare the values of W Å and k using the relation shown in Fig. 3 . The k values displayed in Table 4 and Fig. 9(c) should correspond more to the higher values of the average angle than those shown in Table 4 and Fig. 9(a) . Again, the discrepancy practically disappears for large time±distance intervals, for which the angle distribution has fewer outliers.
D I S C U S S I O N
Our results suggest that the focal mechanisms of earthquakes separated by small time and distance intervals are very similar: the measured (W) and extrapolated (W 0 ; see Tables 2±3) 3-D angle of rotation is of the order of 10u±15u for well-constrained earthquakes (WCE). The question arises what part of this angle is due to errors in focal mechanism determination, both random and systematic, and what part represents a real scatter of the mechanism orientation due to physical causes. The W uncertainty that can be attributed to the reported random errors is relatively small (Section 3), amounting to 2u±3u for WCEs. However, we argue in Section 3.2.3 that the systematic effects may greatly exceed explicit random errors. If we assume that the systematic errors are greater by a factor of 2±3, then the total errors may become comparable in magnitude to the value of the angle W 0 . The in¯uence of systematic errors may be reduced when we compare rotation angles of earthquakes located close to one another in space and time. Therefore, we can specify the upper limit on the angle W 0 (10u±15u), but the lower limit may be close to zero. W 0 =5u±10u perhaps represents the best estimate that can be reached with the presently available data. For larger time intervals the value of W increases. From Figs 7±9, Tables 2±3 and other results, we estimate that for a WCE catalogue, the average rotation angle W Å is of the order of 20u±25u for small distances and time intervals exceeding 100 days.
Earthquake pairs separated by a few days and a few tens of kilometres would clearly qualify as members of a foreshock± main shock±aftershock sequence. Thus, in effect, our result means that earthquakes belonging to such a sequence have more similar focal mechanisms than events further apart in time and space. Since the effect of the angle temporal variation is weak, it would be dif®cult to try exploring this behaviour further.
What is the meaning of the W 0 estimate stated above? As explained earlier, the rotation angle is distributed according to one of the stable distributions, the Cauchy law being an example of such a distribution with the index (a) value equal to 1.0 (Samorodnitsky & Taqqu 1994) . Kagan (1992) argued that, since a stress tensor in a medium with random defects has a Cauchy distribution, the rotation of focal mechanisms that is apparently due to stress variations should follow a rotational equivalent of this lawÐthe rotational Cauchy distribution. However, the Cauchy distribution of stress tensor components is derived only for uniform random distributions of defects in a medium; the spatial distribution of earthquakes for small time intervals is highly non-uniform and itself follows a fractal distribution (Kagan 1994) . This would mean that in earthquake sequences, the rotation angle between closely separated events should be governed by a stable distribution with an index that is signi®cantly smaller than 1.0 (Kagan 1994) . Nolan (1997, p. 768) showed that for a small value of the index (say a=0.1), most of the symmetric random variable values are concentrated )  0±20  65  38  49  64  73  68  60  80  68  50  88  93  116  201  374  574  842  646  20±40  74  32  67  71  114  107  140  139  168  130  232  242  374  743 1185 1976 2983 2402  40±60  33  21  35  60  60  94  124  116  144  159  283  330  497  1017 1721 2755 4273 3417  60±80  19  14  20  36  48  60  68  82  126  143  244  323  557  1035 1888 3265 4938 3844  80±100  5  7  10  23  29  36  48  77  76  139  224  373  573  1059 1977 3432 5241 3870  100±120  3  3  7  15  20  23  27  51  76  129  207  338  618  1148 2027 3534 5411 3944  120±140  2  4  3  6  13  18  36  39  77  122  191  320  607  1146 2026 3599 5476 3954  140±160  0  1  0  2  14  14  24  35  54  100  181  300 Earthquake focal mechanism correlations 893 in two regions: about half of the values are very close to zero and the other half is distributed in two heavy tails, with most of the values far from zero. In our problem, this would mean that most of the W angles would be very close to zero and the rest would have large values normally considered as outliers. Two conclusions can be drawn from the temporal dependence of the rotation angle: (1) the theoretical relation of the stress triggering of earthquakes as well as the relation of subsequent earthquakes to the orientation of the stress pattern caused by the initial event can be de®ned based on experimental evidence; (2) the time±distance relation between focal mechanisms of earthquakes can be used in earthquake forecasting. Hauksson (1994) and King et al. (1994) suggested that if stress drops close to zero during an earthquake, subsequent shocks should have focal mechanisms signi®cantly rotated compared to the ®rst event. According to their hypothesis, most triggered events occur near the fault plane of the triggering earthquake, where the average shear stress on that fault plane should have dropped substantially. To be triggered by Coulomb stress changes, the triggered events must occur on faults oriented at a large angle from the original fault plane. Our statistical studies indicate that the mechanisms of triggered events are very similar to those of their triggers, becoming asymptotically closer the closer the events are in time and space. Thus, many earthquakes are clearly not triggered by the stress changes that Hauksson (1994) and King et al. (1994) hypothesized.
In our programme for earthquake forecasting, we calculate long-and short-term probabilities of earthquake occurrence using the smoothing kernel of the previous seismicity record (Jackson & Kagan 1999; Kagan & Jackson 2000) . In this algorithm the focal mechanism of forecasted earthquakes is calculated as a weighted sum of CMT solutions for all previous earthquakes, thus the forecasted mechanism is timeindependent. The temporal dependence of the rotation angle between pairs of focal mechanisms is appropriate to use in a real-time forecast when foreshock±main shock±aftershock sequences cannot be identi®ed: any seemingly regular aftershock sequence could result in an earthquake bigger than all previous events in a sequence. Thus, the results of this work allow us to make a time-dependent forward evaluation of future earthquake focal mechanisms. These estimates should improve the quality of the forecast.
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